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Abstract
This study assessed the effectiveness of limestone-montmorillonite-rapeseed residue-Si fertilizer compound amendment on 
the bioavailability and crop uptake of cadmium (Cd) and enzyme activities in acidic paddy soils. Applying the compound 
amendment at ratios of 1%–3% increased soil pH by 0.1–1.9 units, decreased leaching ratios of soil Cd 4.0%–22%, and 
decreased exchangeable and carbonated Cd 42%–55% and 27%–49%, respectively. Organic matter-bound Cd increased 
47%–62% (p < 0.05). Cadmium concentrations decreased in the roots, culms, leaves, and grains of rice grown in the Cd-
contaminated soils by 37%–81%, 18%–73%, 29%–64% and 27%–63%, respectively, (p < 0.05). Catalase and urease activities 
increased 2.5%–63% and 3.9%–36%, (p < 0.05), respectively. Applying this compound amendment may significantly mitigate 
soil acidification and decrease the bioavailability and crop uptake of Cd in acidic Cd-contaminated paddy soils.

Keywords Bioavailability · Soil acidification · Rice · Exchangeable Cd

Soil cadmium (Cd) pollution has recently received increas-
ing attention because of its impacts on soil quality, food 
security and human health (Li et al. 2017a; Rizwan et al. 
2017; Shakir et al. 2017). According to the survey of the 
Ministry of Agriculture of the People’s Republic of China, 
over 1.3 × 104 ha of the farmlands from 11 provinces have 
been contaminated by Cd in China (Zhou et al. 2012; Sun 
et al. 2013). Many remediation techniques on Cd-contami-
nated soils have been developed and reported, although most 
of them are characterized as being highly difficult or expen-
sive (Dermont et al. 2008; Hu et al. 2016; Liu et al. 2018). 
Therefore, the development of cost-effective, environmen-
tally friendly remediation technologies for Cd-contaminated 
soils in agricultural settings is urgently needed.

Considered one of the most effective remediation tech-
nologies for Cd-contaminated soils, immobilization of soil 
Cd in situ is commonly used to reduce the mobility and 

bioavailability of soil Cd with various amendments (Guo 
et al. 2006; Kumpiene et al. 2008). Alkaline materials, such 
as lime and calcium carbonate, can effectively mitigate soil 
acidification and reduce Cd bioavailability in acidic soils 
(Zhu et al. 2016; He et al. 2017). Soil minerals, such as 
montmorillonite, apatite, bentonite, and sepiolite, may sig-
nificantly reduce the mobility and bioavailability of soil Cd 
(Hamidpour et al. 2010; Tica et al. 2011; Du et al. 2016). 
Organic materials (e.g. crop residues) can decrease the 
availability of soil Cd but may also increase soil enzymatic 
activities (Zeng et al. 2011; Lee et al. 2013; Abad-Valle et al. 
2017). Additionally, Si, Zn, and Se fertilization have been 
reported to reduce Cd bioavailability and restrict Cd trans-
portation in crops (Kirchmann et al. 2009; Shao et al. 2017; 
Zare et al. 2017). Several studies focused on the develop-
ment of an immobilization agent composed of a single effec-
tive component, as well as combined amendments; however, 
cost-effective, environmentally friendly compound amend-
ments with the synergistic effects are less known.

Change in the soil metal speciation is typically used to 
assess amendment efficacy on the remediation of metal-
contaminated soils. Soluble and exchangeable (or leacha-
ble) metal fractions are available to crops roots, whereas the 
bound, residual fractions have less bioavailability (Chavez 
et al. 2016). Soil enzyme and microbial activities have been 
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used as indicators to investigate and assess effects of amend-
ments on soil quality. Soil urease and catalase, involving 
nitrogen and hydrogen peroxide transformation, are impor-
tant indices reflecting soil quality (Stepniewska et al. 2009; 
Gao et al. 2010).

Microcosm experiments with double factors were con-
ducted to evaluate the efficacies of an original compound 
amendment [limestone-montmorillonite-rapeseed residue-Si 
fertilizer (LMRrSf)] on Cd-contaminated acidic paddy soils. 
The present study aimed to evaluate impacts on Cd immobi-
lization, enzyme activities and crop uptake.

Materials and Methods

Bulk surface soils (0–20 cm, dry weight 120 kg) were col-
lected from paddy fields in Ningxiang (28°12′N, 112°27′E), 
Hunan province, China. The region has a subtropical mon-
soon climate, with an annual average temperature of 17°C 
and rainfall of 1500 mm. Ultisoils (USDA Soil Taxonomy) 
had a particle size composition of 45%, 8.8% and 46% (sand, 
silt, clay, respectively), a pH of 5, contained 0.9% organic 
matter and a total Cd concentration of 1.0 mg kg−1. Cadmium 
chloride [AR grade, crystal, Sangon Biotech (Shanghai) Co., 
Ltd] was gradually supplemented into 60 kg of soil to obtain 
a soil Cd level of 5.0 mg kg−1. Results from 2-year spiking 
experiments indicated that Cd bioavailability and geochemi-
cal speciation were not markedly affected by aging (Zhong 
and Wang 2006). Therefore, the spiking procedure for Cd-
added soil generally requires a month for equilibration (Sun 
et al. 2013; Xia et al. 2016; Li et al. 2017b). Thus, the Cd-
spiked paddy soil was maintained around 70% (w/w) of water 
holding capacity at 25°C for 5 weeks (Sun et al. 2013).

Double-factor microcosm experiments were carried 
out with four application amounts of LMRrSf compound 
amendment and two soil Cd levels (1.0 and 5.0 mg kg−1). 
For each soil, four levels of a compound amendment [0%, 
1%, 2%, and 3% (w/w)] were applied and completely mixed 
(Huang et al. 2017). Each treatment was established in tripli-
cate and placed randomly in four blocks. The rice cultivar “II 
You 93” was transplanted to each microcosm at a planting 
density of four seedlings per microcosm. During the growth 
period, 70% water holding capacity was maintained with 
deionized water.

The compound amendment was composed of lime-
stone, montmorillonite, rapeseed residues, and Si ferti-
lizer with ratios of 4:3:2:1. The montmorillonite contained 
mainly (Al,Mg)2[Si4O10](OH)2·nH2O, had a surface area of 
25 m2 g−1, average pore size of 1.5 nm, and cation exchange 
capacity (CEC) of 90 meq 100 g−1. Limestone was 80% 
 CaCO3. Rapeseed residues had 42% total C, 1.2% total N, and 
a C:N ratio of 35:1. The Si fertilizer was a commercial ferti-
lizer and had water soluble Si of 55 mg kg−1 and a pH of 9.

When the rice crop of each treatment was harvested, roots, 
culms, leaves and grains (polished) were divided, oven-dried 
(75°C) to a constant weight, and then ground to < 0.25 mm. 
After harvest, soil for each treatment was collected, air-dried 
(25°C) and ground to < 2 and 0.15 mm to determine soil pH 
and extractable Cd, and total Cd, respectively.

Soil pH was directly determined using a pH meter 
(IQ150, Spectrum) at planting, tillering, filling, and har-
vesting stages. Soil texture was determined by the pipette 
method, and organic matter was measured by the Walk-
ley–Black method (Tica et  al. 2011). Soil and crop Cd 
were digested using mixtures of aqua regia–HClO4 and 
 HNO3–HClO4 (open system), respectively. Concentrations 
of Cd in digested solutions were determined by Atomic 
Absorption Spectrophotometry (Solaar M6, Thermo Fisher 
Scientific, USA). Toxicity characteristic leaching procedure 
(TCLP) was conducted to assess the mobility of soil Cd, 
as described by Sun et al. (2013). A sequential extraction 
procedure was applied to determine Cd fractions in the soil 
(Lestan et al. 2003). Soil urease activity was determined 
with urea as substrate, incubating at pH 7 and 37°C for 
24 h, and expressed as  NH4–N g−1 h−1 (Gu et al. 2009). Soil 
catalase activity was determined using the titration method 
(Stepniewska et al. 2009).

Quality assurance and quality control measures involved 
reagent blanks, triplicate samples and Certified Reference 
Materials (CRMs) for soil (GBW 07401) and rice (GBW 
10045). All reagents were analytical grade. All glass and 
polyethylene bottles were previously soaked overnight in 
 HNO3 (10%) and rinsed thoroughly with deionized water 
before use. Elemental recoveries for CRMs were within 
95% ± 5% for soil and 100% ± 5% for rice, respectively. Cd 
limits of detection and quantification for AAS were 0.02 and 
0.08 mg kg−1, respectively.

Statistical significance was determined using ANOVA, 
followed by the least significant difference (LSD) test at 
p < 0.05. Pearson correlation was applied for all the cor-
relations. Statistical analyses were performed using SPSS 
16.0 (SPSS Inc. Chicago, USA).

Results and Discussion

Soil acidity is an important factor controlling the specia-
tion, solubility, mobility and bioavailability of metals in 
soils (Lee et al. 2013). Paddy soils had a pH of around 5.0 
(Table 1). Applying the compound amendment increased 
soil pH across the whole rice growth stage by 0.1–1.9 units 
(p < 0.05, Table 1). Furthermore, soil pH increased with 
the ratios of the LMRrSf compound amendment 19%–22% 
(Table 1). These results indicate application of the com-
pound amendment may significantly increase soil pH and 
mitigate soil acidification in acidic Cd-contaminated paddy 
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soils. The compound amendment can directly neutralize the 
 H+ in soils (Zhang et al. 2008; Wu et al. 2016). Montmoril-
lonite and rapeseed residues have huge surface areas, abun-
dant pores and may adsorb  H+ and indirectly increase soil 
pH (Lee et al. 2013; Yang et al. 2016). These effects result 
in the increase of soil pH. Previous studies have shown an 
increasing soil pH leads to an increase of negative surface 
charges, thereby inducing the precipitation of metals (Made-
jón et al. 2006; Querol et al. 2006; Lee et al. 2009).

TCLP was used to assess the mobility and phytoavail-
ability of soil Cd (Zhou et al. 2016). For paddy soils without 
any amendment, leaching ratios of soil Cd increased 62% 
and 48% at the two levels (1.0 and 5.0 mg kg−1) of soil Cd, 

respectively (Table 1). This indicates high Cd phytoavail-
ability and potential leaching risk in the acidic paddy soils. 
However, application of the compound amendment reduced 
leaching ratio of soil Cd by 4.0%–22% (p < 0.05, Table 1), 
respectively. Moreover, the TCLP-extracted Cd decreased 
with an increase in the application ratio (Table 1). Alkaline 
composed materials provide  OH− and directly precipitate the 
active Cd fractions (Zhu et al. 2016; He et al. 2017). Appli-
cation of the amendment may significantly reduce the mobil-
ity and phytoavailability of Cd in the acidic paddy soils.

For paddy soils without amendment, exchangeable 
Cd was 0.26 and 1.21  mg  kg−1, accounting for almost 
25% of the total Cd (Fig.  1). This indicates the high 

Table 1  Changes in soil pH, Cd available concentration with amendments in the Cd-contaminated paddy soils from Ningxiang, Hunan Province, 
China

Data were shown as means ± standard deviations
The letter following each value indicates the significance of the differences between values in each line (p < 0.05)
TCLP toxicity characteristic leaching procedure

Soil Cd 
(mg kg−1)

Ratio (%) TCLP for Cd Soil pH

Concentration (mg kg−1) Leaching 
ratio (%)

Before planting Tillering stage Filling stage After harvesting

1.0 0 0.62 ± 0.02a 62 4.93 ± 0.03d 5.41 ± 0.03d 6.05 ± 0.06d 5.61 ± 0.02d
1 0.44 ± 0.03bc 44 5.99 ± 0.03c 6.30 ± 0.02c 6.85 ± 0.02c 6.31 ± 0.03c
2 0.47 ± 0.03b 47 6.27 ± 0.02b 6.87 ± 0.02b 7.10 ± 0.02b 6.94 ± 0.04b
3 0.40 ± 0.03c 40 6.61 ± 0.03a 7.10 ± 0.02a 7.24 ± 0.03a 7.00 ± 0.02a

5.0 0 2.39 ± 0.04a 48 5.03 ± 0.04d 5.32 ± 0.04d 5.98 ± 0.04c 6.10 ± 0.02c
1 2.18 ± 0.03b 44 5.50 ± 0.03c 6.25 ± 0.02c 6.75 ± 0.02b 6.23 ± 0.03b
2 2.08 ± 0.04c 42 6.31 ± 0.04b 7.15 ± 0.02b 7.04 ± 0.03a 7.00 ± 0.03a
3 2.03 ± 0.03c 41 6.16 ± 0.03a 7.22 ± 0.03a 7.02 ± 0.05a 6.98 ± 0.04a

Fig. 1  Soil cadmium fractions with amendments in the contaminated 
paddy soils from Ningxiang, China. Data are means ± standard devia-
tions. The letter following each value indicates a significant differ-

ence between values in each line (p < 0.05). WS water soluble Cd, SE 
exchangeable Cd, WSA carbonate-bound Cd, OX Fe/Mn-bound Cd, 
OM organic matter-bound Cd, RES residual Cd
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phytoavailability of Cd in the paddy soils. For soils with 
the compound amendment, exchangeable Cd decreased 
42%–55%, while carbonated Cd decreased 27%–49%. 
Organic matter-bound Cd increased 47%–62% (p < 0.05, 
Fig. 1). Application of the amendment may transform the 
exchangeable and carbonated Cd to the organic matter-
bound Cd and consequently reduce the phytoavailability of 
Cd in paddy soils. Organic materials (i.e. rapeseed residues) 
have abundant pores and functional groups and may directly 
adsorb Cd and increase organic matter-bound Cd (Lee et al. 
2013; Abad-Valle et al. 2017; Tang et al. 2017). Inputs 
of montmorillonites and rapeseed residues may increase 
organo-mineral complexes and enhance metal adsorption 
properties (Wu et al. 2011; Du et al. 2016). The alkaline 
condition of the compound amendment may enhance the 

adsorption and precipitation as mentioned previously 
(Cheng and Hseu 2002; Madejón et al. 2006; Querol et al. 
2006; Lee et al. 2009; Wu et al. 2016).

Rice grains from the two paddy soils contained 
0.5–1.0 mg kg−1 Cd, which were 2.5–5.0 times the Chinese 
allowable limit (0.2 mg kg−1, GB2762—2017). This reflects 
the high risk in food security and human health in the study 
region. When the compound amendment was applied, Cd 
in rice grains decreased 27%–63%, while Cd in the roots, 
culms and leaves also decreased 18%–81% (Fig. 2a, b). 
These trends increased along with the application ratios of 
the amendment. This indicates application of the amendment 
may efficiently inhibit Cd uptake and translocation in rice 
plants and grains.

Fig. 2  Mean cadmium concentrations (a, b) and bioaccumulation 
factors (c, d) for the roots, culms, leaves, and grains in contaminated 
paddy soils from Ningxiang, China. Bars indicate standard devia-

tions. The letter following each value indicates a significant difference 
between values in each line (p < 0.05)
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The bioaccumulation factor (BCF) is used to evaluate the 
accumulation of metals in plants (Sun et al. 2015). For paddy 
soils without amendment, the BCF for grains was 0.2–0.5, 
while the total BCF was 3.0–9.5. This reflects significant 
bioaccumulation and a high risk in food security. However, 
applying the compound amendment reduced the BCF for 
roots, culms, leaves, grains, and rice plants by 37%–81%, 
17%–73%, 29%–64%, 27%–63%, and 30%–74%, respec-
tively (p < 0.05, Fig. 2c, d). These trends increased along 
with the application ratios of the amendment. The input of 
water soluble Si (5.5 mg kg−1 in the compound amendment) 
in soils may inhibit Cd uptake in roots and its transportation 
to aerial and edible parts (Dresler et al. 2015; Farooq et al. 
2016).

Soil enzyme activities have been used to assess soil qual-
ity, especially in metal contaminated soils (Bandick and 
Dick 1999; Shen et al. 2005; Gu et al. 2009). Compared to 
the values in soils without amendment, urease and catalase 
activities in soils applied with the compound amendment 
(1.0 and 5.0 mg kg−1) increased 3.9%–36% and 2.5%–63% 
(p < 0.05), respectively (Fig. 3a, b). These results are con-
sistent with those reported by Garau et al. (2007), in which 
urease activity increased in the zeolite, red mud (p < 0.05) 
and lime-amended (p < 0.05) soils, but the unamended soil 
showed low mean values. These results indicate the soil 
amendment may not only remediate Cd-contaminated acidic 
paddy soils, but they may also enhance soil quality.

In this study, soil pH was significantly correlated with soil 
urease activity and rice grain Cd (p < 0.05, Fig. 4a, b). Rice 
grain Cd was significantly correlated with soil pH, exchange-
able Cd and TCLP-Cd (p < 0.05, Fig. 4a, c, d). These results 
further reflect that soil pH and active Cd fractions control 
Cd phytoavailability in acidic paddy soils and Cd accumula-
tion in rice grains. The compound amendment significantly 
increased soil pH, decreased soil Cd phytoavailability, and 
consequently reduced Cd uptake and accumulation in rice 
plants and grains.

It is possible to mass produce the compound amendment, 
because its components are inexpensive and accessible. The 
ratio of 2% (equivalent to 4.5 t ha−1) is recommended for 
potential application of the LMRrSf compound amend-
ment to remediate Cd-contaminated acidic paddy soils in 
rice fields. Applying LMRrSf compound amendment may 
significantly mitigate soil acidification, reduce the leaching 
ratio of soil Cd, decrease the mobility and phytoavailability 
of Cd, increase urease and catalase activities, and inhibit 
Cd uptake and translocation in rice plants and Cd accu-
mulation in rice grains in acidic Cd-contaminated paddy 
soils. It should be also noted that as these results are from 
microcosm experiments, further field experiments should be 
conducted in the future, due to the variability of rice fields 
in subtropical China.

Fig. 3  Mean soil catalase (a) and urease activities (b) with amendments in contaminated paddy soils from Ningxiang, China. Bars indicate 
standard deviations. The letter following each value indicates a significant difference between values in each line (p < 0.05)
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